Background: Glioblastoma multiforme (GBM) is a rare and deadly disease, with a reported average incidence rate of 3.19 cases per 100,000 inhabitants. Fotemustine, a third-generation nitrosourea with an alanine phosphor carrier that facilitates cellular penetration, has been extensively investigated in the setting of recurrent/progressive disease after initial treatment. Fotemustine is usually administered following a schedule consisting of 3 doses every week, followed by maintenance doses administered every 3 weeks.
Introduction
Glioblastoma multiforme (GBM) is a rare and deadly disease, with a reported average incidence rate of 3.19 cases per 100,000 inhabitants. [1] The prognosis of patients with GBM is poor, with a median overall survival (OS) of only 15 months, despite surgery, radiotherapy, and chemotherapy. [2] Optimal management of GBM at diagnosis includes surgical tumor removal to the maximum possible extent, with or without the use of carmustine wafers, followed by alternating electrical field therapy and radiation therapy plus concurrent and adjuvant temozolomidebased systemic treatment. [3] Unfortunately, virtually all patients recur after initial multimodality treatment, so systemic treatment may offer a possibility for symptom palliation and possibly survival prolongation, although no prospective randomized-controlled trials are available. Main available pharmacologic classes with potential therapeutic efficacy include chemotherapy, antiangiogenetic agents [4] and immunotherapy. [5] Among chemotherapy agents, fotemustine, a third-generation nitrosourea with an alanine phosphor carrier that facilitates cellular penetration, has been extensively investigated in the setting of recurrent/progressive disease after initial treatment. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Fotemustine is usually administered following a schedule consisting of 3 doses every week, followed by maintenance doses administered every 3 weeks. On the grounds of pharmacokinetic data suggesting incomplete drug elimination after weekly intervals, [20, 21] we decided to assess whether the use of a biweekly regimen allowed administration of higher dose than the standard 100 mg/m 2 dose approved per label indication in a population of patients with recurrent GBM.
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Patients and methods

Eligibility
Eligible patients were those who signed a written consent form for study participation and presented histologically confirmed GBM, with recurrent or progressive disease after receiving surgery and systemic treatment with temozolomide (TMZ) administered concomitantly with and/or adjuvant to radiotherapy. Progressive/recurrent disease must have been proven by 1 magnetic resonance imaging (MRI) scan performed ≥3 months after completing radiotherapy or undergoing surgery or by 2 consecutive MRI tests. Measurable disease (at least 1 unidimensionally measurable lesion of ≥2 cm in diameter) must be detected at study entry by the use of MRI with contrast enhancement within 2 weeks before treatment initiation. Furthermore, eligible patients are required to have been receiving stable or decreasing corticosteroid doses for ≥2 weeks before patient's inclusion in the study; to be older than 18 years; to have an Eastern Cooperative Oncology Group performance status ≥2; to have adequate bone marrow, renal, and liver function (absolute neutrophils count >1.5 Â 10 9 /L; platelets >100 Â 10 9 /L; hemoglobin >10 g/dL, serum creatinine <1.25 Â upper limit of the normal range [ULN]; blood urea nitrogen <25 mg/dL; serum bilirubin 1.25 Â ULN; AST and ALT 1.5 Â ULN; alkaline phosphatase 2 Â ULN). Main exclusion criteria included the presence of uncontrolled diseases (eg, hypertension, active infections, and psychiatric conditions), and a history of cancer, with the exception for resected nonmelanoma skin cancer and in situ carcinoma of the uterine cervix. The study was approved by the Institutional Ethics Committee of the participating center and was conducted according to the principles of the declaration of Helsinki and the rules of good clinical practice.
Treatment schedule
In this phase I/II trial, fotemustine was administered intravenously over 1 hour every 2 weeks at either 120 or 140 mg/m 2 doses for up to 1 year, until disease progression, unacceptable toxicity, or patient's request to withdraw from the study. The phase I part of the trial was conducted following the classic 3+3 study design. Grade 4 leukopenia, grade 4 neutropenia, grades 3 and 4 anemia, and grades 3 and 4 thrombocytopenia were the dose-limiting toxicities (DLTs). Fotemustine was initially administered at 120 mg/m 2 to the first 3 enrolled patients. If no patient experienced any DLT, additional 3 were enrolled at the 140 mg/m 2 . If 1 patient experienced any DLT, then additional 3 patients were enrolled at 120 mg/m 2 . If none of the additional 3 patients experienced any DLT, then the next dose level was explored. If at least one of the additional 3 patients experienced a DLT, then the protocol would be amended to study lower doses of fotemustine. This same pattern was also followed to evaluate the 140 mg/m 2 dose level. The phase II study was conducted following a standard single-arm phase II study design. Throughout the entire study course, if treatment was suspended for more than 2 weeks beyond the next planned cycle of treatment planned, the patient was withdrawn from the study. Based on the most severe toxicity experienced since the last cycle, the subsequent dose was reduced to 75% in the presence of grade 3 or 4 platelet toxicity, grade 4 neutrophils or white blood cells or hemoglobin toxicity. In cases of nonhematologic toxicity, chemotherapy was delayed until recovery to grade 1, for a maximum of 2 weeks (after which the patient was withdrawn from the study). In case of grade 3 or 4 toxicity, the dose administered was reduced to 75% after recovery to grade 1 toxicity.
Efficacy measures and toxicity monitoring
Progression-free survival (PFS) was measured from the initiation of fotemustine to progression or death due to any cause or last follow-up assessment, whichever came first. OS was measured from the start of fotemustine to death for any reason, or last follow-up assessment. The analysis was performed as per intention to treat. Response was evaluated by using clinical and neurologic examinations and MRI or computed tomography neuroimaging according to MacDonald criteri. Patients were evaluated for tumor response every 8 weeks or earlier if indicated until disease progression. Neurologic status was assessed by considering signs and symptoms possibly related with progression, as compared to the previous examination; each variation in daily corticosteroids dosage was recorded. Responses were confirmed as complete response (CR), partial response (PR), and stable disease (SD), if they were constant at subsequent scans obtained at least 4 weeks apart from each other. All adverse events were recorded and graded according to the common toxicity criteria of the National Cancer Institute, version 4.0 (http://ctep.cancer.gov/forms/CTCAEv3.pdf).
Endpoints and statistical analysis
The primary efficacy endpoint of the study was evaluated in the entire patient cohort and was the percentage of patients who had not progressed after 24 weeks (PFS-24). Patients for whom at least 1 tumor evaluation was available and that had received at least 1 drug delivery were included in the response analysis. Treatment efficacy was evaluated following a 1-stage Fleming study design for determination of PFS rate at 24 weeks based on a single-treatment group. A sample size of 38 patients was estimated using exact binomial method and assuming: 1-tailed a equals to 0.05, 1-b equals to 0.9, and p < 0.05 (null hypothesis) versus p ≥ 0.20 (alternative hypothesis), where p was the observed 24-week progression-free rate. If 5 or more patients were evaluated as progression free after 24 weeks, it was assumed that the drug would be worthy of further investigation. Secondary objectives were the rate of best observed response, defined as the best response during the treatment and evaluated with MacDonald criteria, [22] OS, and toxicity. All patients receiving the study drug were included in the safety analysis. Median time to progression (mTTP) and median survival were also estimated with associated 95% confidence interval (CI). PFS and OS were calculated using the Kaplan-Meier method.
Results
Study population
Thirty-seven patients were enrolled in this phase I/II trial from August 2006 to November 2011. Overall population characteristics are depicted in Table 1 .
Treatment
Of the 37 patients enrolled, 31 received the 120 mg/m 2 dose and 6 patients received the 140 mg/m 2 dose. After no DLT occurred in the first 3 patients treated at 120 mg/m 2 dose level, one of 3 patients treated at the next dose level of 140 mg/m 2 experienced grade 4 thrombocytopenia. Considering that all of the 3
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Medicine additional patients treated at the 140 mg/m 2 dose level experienced grade 4 thrombocytopenia, the dose level chosen for the phase II part of the trial was 120 mg/m 2 . A total of 135 cycles were administered, with a median number of 4 cycles administered to each patient.
Safety analysis
Treatment was well tolerated in the overall population. Main severe toxicity was grades 3 and 4 thrombocytopenia, which occurred in 4 of 6 patients treated at the 140 mg/m 2 dose level and in 3 of 31 patients treated at 120 mg/m 2 . No other significant toxicities were reported in this study.
Efficacy analysis
The primary endpoint of the study was met, with 5 patients being progression free after 24 weeks of treatment. Median PFS and OS were 12.1 (1-40.2) weeks and 19.7 (1-102) weeks, respectively. Kaplan-Meier of PFS and OS are shown in Figures 1  and 2. 
Discussion
In the phase I trial conducted by Khayat et al, [20] which established the maximum tolerated dose of fotemustine to be 100 mg/m 2 administered weekly for 3 to 4 weeks, thrombocytopenia was the only acute DLT and started on day 22, with a nadir on day 35. If the total induction dose of 300 mg/m 2 is administered by day 15, following the registered schedule, it may not be possible to postpone fotemustine administration or to adjust the dose before thrombocytopenia occurs, hence the attractiveness of alternative fotemustine schedules. [7, 9] In a monoinstitutional retrospective study conducted by Lombardi et al, 44 patients with GBM aged 65 years or older who had previously received radiation therapy with concomitant and adjuvant TMZ were treated with an alternative fotemustine schedule as second-line treatment, consisting of fotemustine administrated at 80 mg/m 2 every 2 weeks for 5 consecutive administrations (induction phase), and then every 4 weeks at 80 mg/m 2 as maintenance. The average age of the cohort was 70 years, with a median PFS and OS of 4.1 months (95% CI 3.1-5.2) and 7 months (95% CI 5.2-8.4), respectively (Fig. 3) . Of note, grades 3 and 4 thrombocytopenia was reported only in 9% of such elderly population. Consistent results were obtained in a prospective phase II study by Addeo et al, who enrolled 40 patients with recurrent GBM treated with fotemustine after radiotherapy/temozolomide treatment. Fotemustine was given via intravenous infusion at a dose of 80 mg/m 2 every 2 weeks for 5 consecutive administrations during the induction phase, followed by fotemustine administrations every 4 weeks at 80 mg/m 2 as maintenance treatment. After a median of 8 administered cycles, a CR (2.5%, 95% CI 0-10%), 9 PRs (22.5%, 95% CI 15-37%), and 16 SDs (40%, 95% CI 32-51%) were reported, with an mTTP of 6.7 months (95% CI 3.9-9.1 months), and a median survival of 11.1 months. Importantly, grades 3 and 4 thrombocytopenia was reported in 5% of patients. Both of these studies show that fotemustine can be administered every 2 weeks with a favorable safety and efficacy profile. On the grounds of a complete radiologic response obtained in a case of GBM treated with fotemustine at 120 mg/m 2 , we hypothesized that the potential improved safety profile associated with biweekly administrations of fotemustine could allow to administer higher fotemustine doses. As originally speculated by Marinelli et al, [13] higher fotemustine dose could serve to reverse resistance to nitrosoureas mediated by the DNA repair enzyme Figure 1 . Overall survival rate using Kaplan-Meier method. Figure 2 . Progression-free survival rate using Kaplan-Meier method. -methylguanine methyltransferase (MGMT). In fact, in the retrospective study by Lombardi et al, patients with methylated versus unmethylated MGMT had a median PFS of 4.5 (3.1-5.9) versus 2.9 (2.4-3.5) months. The median PFS of 12 weeks obtained in our study appears to be consistent. Of note, we reported a 10% grades 3 and 4 thrombocytopenia rate in the cohort treated at 120 mg/m 2 , with no treatment-related deaths. We conclude that fotemustine can be safely administered at 120 mg/m 2 biweekly. The efficacy of such modified schedule and doses should be compared to the biweekly schedule at 80 mg 2 and the standard weekly schedule at 80 to 100 mg/m 2 . 
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